The utilization of waste heat in a power plant system-which would otherwise be released back to the environment-in order to produce additional power increases the efficiency of the system itself. The purpose of this study is to present an energy and exergy analysis of Kalina Cycle System (KCS) 11, which is proposed to be utilized to generate additional electric power from the waste heat contained in geothermal brine water available in the Lahendong Geothermal power plant site in North Sulawesi, Indonesia. A modeling application on energy and exergy system is used to study the design of thermal system which uses KCS 11. To obtain the maximum power output and maximum efficiency, the system is optimized based on the mass fraction of working fluid (ammonia-water), as well as based on the turbine exhaust pressure. The result of the simulation is the optimum theoretical performance of KCS 11, which has the highest possible power output and efficiency. The energy flow diagram and exergy diagram (Grassman diagram) was also presented for KCS 11 optimum system to give quantitative information regarding energy flow from the heat source to system components and the proportion of the exergy input dissipated in the various system components.
Introduction
Indonesia has abundant geothermal resources that can be used for power generation and other energy-related applications. Official data shows that the total Indonesian geothermal resources are 27,000 MWe; which means that it can generate up to 27 GW of electricity. This is one of the biggest resources in world. Geothermal resources, once it is explored and brought up to the earth surface, usually produce medium pressure steam in saturated condition. The steam can be used to generate electricity in a steam turbine generator, and then the condensing liquid is injected back to the earth inner surface for maintaining the geothermal reservoir.
Energy and Exergy Analysis of Kalina
The steam conditions vary from one site to another. Some of the geothermal resources that have been exploited in Indonesia produce a dry steam fluid (having very low water content); while others produce wet steam fluid, with a high two-phase saturated steam condition. In the case of wet steam, the water content in the two-phase fluid flow must be separated in a separator, where the steam can proceed to the power station, and the brine water, as the result of separation process, is normally discharged back to the well. Since the separation process does not cool down the geothermal stream significantly, the brine water still has high temperature, which shows its potential as additional energy source. If this brine water is not used further by any means, then the potential heat energy in the brine water would be wasted.
This paper studies the possibility of using Kalina Cycle KCS 11 system for utilization of waste heat in geothermal brine water to generate electricity. KCS11 is one of the many variant of Kalina cycle patented by Alexander Kalina, its inventor. It was found at the initial investigation that KCS11 is the most suitable cycle to be applied for geothermal site condition in Indonesia.
The geothermal resources in Lahendong site, located in the northern part of Sulawesi Island, Indonesia, produces steam and brine water from the outlet of separator as shown in Table 1 below.
This study proposes KCS 11 to be used as the bottoming cycle in LHD-5 Geothermal Power Plant in Lahendong, North Sulawesi, Indonesia. This cogeneration system will be used to produce more power from the waste heat of geothermal brine before the brine water is injected back to the earth. It has been calculated that the pressure losses in the brine separator would be 0.5 bar and thus temperature decrease of brine water is about 2 °C. 
Methods
System description. The proposed KCS 11 to be utilized as bottoming cycle in the Lahendong Geothermal Power Plant, North Sulawesi, Indonesia, can be seen in Figure  1 below. This system has been reviewed and analyzed using Cycle Tempo software from TU Delft.
The description about the system of KCS 11 is as follows: the initial working fluid of ammonia water as a saturated liquid comes out from ammonia condenser with mass fraction of basic mixture. The liquid is then pumped to the LT Recuperator, and in the LT Recuperator the fluid is heated by the working fluid that comes out from the turbine. After flowing through LT Recuperator the fluid is split into two streams. The first stream goes to HT Recuperator, and the second stream goes to the second Evaporator. In the HT Recuperator the fluid is heated again until reaching saturated vapor condition; whereas in the second Evaporator the fluid is heated by the brine water until reaching a fully saturated vapor. Then, the mass flow of working fluid from the second Evaporator and HT Recuperator is mixed into one fluid stream before entering the first Evaporator. In the first Evaporator the working fluid is heated by the brine water until reaching superheated steam condition. This hot steam flow of ammonia-water mixture containing 100% vapor phase goes through the vapor turbine to produce electric power in the AC Generator. The ammonia-water mixture that comes out from the turbine is utilized further as a heating fluid in the LT Recuperator and HT Recuperator in order to preheat the ammonia-water mixture, which has a rich liquid phase coming out from the ammonia condenser. After passing through the LT and HT Recuperator the working fluid is collected in the drain tank before finally going into the ammonia condenser. The drain tank functions as a flash tank to separate the vapor phase and liquid phase of the working fluid. The vapor stream of working fluid goes into the inlet of Ammonia condenser and undergoes a condensing process back into the liquid phase, while the liquid stream from the Drain Tank is sprayed into the condenser to increase condensation efficiency. The process is then repeated as a cycle [1] .
Assumption used in the analysis. Figure 1 shows the schematic diagram of the proposed KCS 11 to be used as the bottoming cycle in the Lahendong Geothermal Power Plant, North Sulawesi, Indonesia, which uses ammonia-water mixture as a working fluid. The optimum KCS 11 is obtained by optimizing the exhaust pressure of the turbine according to the assumption and constraint above.
Theoretical Analysis. The mass, energy, and exergy balances are used to make a system model in the Cycle Tempo software in each component of the system. The optimization procedure is executed for the maximum power output in the turbine.
The energy and exergy analysis are used to understand and study the performance of KCS 11 as a bottoming cycle. The energy and exergy balances will be used in each various apparatuses or components in the system. 
the mass balance can be expressed in rate form as
Exergy analysis. Exergy is defined as the maximum possible reversible work obtainable in bringing the state of a system to equilibrium with that of environment [2] . The total exergy of a system becomes the summation of physical exergy and chemical exergy since there are in absence of magnetic, electric, nuclear, and surface tension effects and considering the system is at rest relative to the environment.
The physical exergy component is calculated using the following relation:
The calculation procedure of the chemical exergy of various substance based on standard chemical exergy values of respective species has been discussed by Bejan et al [2] , Ahrendts [3] . For the analysis of KCS 11 considered here, the chemical exergy of the flows is calculated using the following equation: Exergy balance in the heat exchanging equipment and drain tank is described as: 
Results and Discussion
The optimum system is obtained by understanding the constraint and the objective function analyzed using Cycle Tempo software. The analysis using Cycle Tempo simulated variations of mass fractions and exhaust pressure of the turbine. Each variation of mass fraction in one set of mass fraction range has an optimal turbine exhaust pressure values. The optimum value is obtained on the turbine exhaust pressure that provides the biggest power output for the system as objective function. This approach is selected since one of the most ultimate goals of any power generation installation is to maximize the power output delivered by the power generation equipment (e.g: turbine and generator). For the same types of power station in considerations, more power output that can be generated would deliver more electricity to be sold, and thus increase the economical benefit of the installations, such as lower generation cost, increase of revenue, and shorter payback period.
A relationship between power output and the variations of ammonia mass fraction in the ammonia-water mixture (the working fluid) is described in Figure 2 . The graph in Figure 2 shows that the maximum power output is obtained with 83.5% ammonia mass fraction and 9.2 bar turbine exhaust pressure. Anything below that causes the system to be against the constraint.
The power output range before optimization and after optimization is increased by lowering the ammonia mass fraction. This means for the higher mass fraction of ammonia the turbine exhaust pressure 9.9 bar is close
Table 2. Mass Fraction and Optimum Turbine Exhaust Pressure

Mass fraction ammonia Pressure before optimization
Optimum turbine exhaust pressure (%) (bar) (bar) 83.5 9.9 9.2 84 9.9 9.2 84.5 9.9 9.3 85 9.9 9.3 85.5 9.9 9.4 86 9.9 9.5 86.5 9.9 9.5 87 9.9 9.6 87.5 9.9 9.7 88 9.9 9.7 88.5 9.9 9.8 to the optimum value number. The exergy analysis can explain why the optimization procedure takes place in the turbine not in the other apparatus in the system. Most of the exergy losses or irreversibilities take place in the turbine, and this is the biggest losses compared with other components. This high exergy losses is mainly caused by isentropic efficiency and, to the lower extent by mechanical efficiency. The exergy flow diagram or Grassman diagram in Figure 3 explained the exergy flow and also exergy losses in each component in the system KCS 11.
Figure 2. Turbine Power Output
The Grassman diagram above shows exergy flow in the KCS 11 in the optimal condition. Apparatuses are denoted in Roman numerals. Number I is Evaporator 1; number II is turbine; number III is a mixer; number IV is Evaporator 2; number V is HT Recuperator; number VI is splitter; number VII is LT Recuperator; number VIII is a pump; number IX is a drain tank; and number X is condenser. All the unit is in kW. The losses in heat exchanging equipment such as apparatuses number I,IV,V,VII and X are caused by pressure drop. Before Optimization After Optimization Figure 4 describes the relationship between gross exergy efficiency and turbine exhaust pressure for various ammonia mass fractions in the working fluid.
Referring to Figure 4 , for a specific ammonia mass fraction in consideration, the optimum conditions would the one that results in the highest exergy efficiency. The highest exergy efficiency is obtained at the lowest possible turbine exhaust pressure. This is due to the fact that the highest irreversibilities occur in the turbine, so the turbine is the most critical part to be optimized compared to other apparatuses. However, the turbine exhaust pressure itself can not be set as low as possible due to some inherent constraints in the condenser design, cooling water inlet temperature and cooling water temperature rise. The last two factors are closely related to the environmental conditions where the installation takes place. Figure 5 describes the relationship between exergy losses and turbine exhaust pressure for various ammonia mass fractions in the working fluid. In the same mass fraction line, we can see that for the bigger exhaust pressure the exergy losses is getting lower; this is caused by the decreasing entropy production in the turbine. Figure 5 explains the consequences that must be taken to determine the correct parameter for the turbine.
The increasing of the entropy causes the increasing of the irreversibility/losses. Figure 6 describes the KCS 11 optimum conditions. The diagram shows that the system can produce theoretical electric power of 3115 kW in the turbine generator. The pumping power for working fluid is about 114 kW, and the pumping power for the cooling water circulation is 186 kW. Thus, the net power produced by the system should be 2815 kW. 
Conclusions
The following conclusions can be presented based on the result of simulation and analysis: 1) For the specific Lahendong geothermal site conditions (brine water, climate, cooling water source, etc.), the Kalina cycle KCS 11 system will yield the optimum operating conditions at 83.5% ammonia mass fraction in the ammonia-water mixture and 9.2 bar turbine exhaust pressure. This optimum operating conditions will produce 3115 kW gross electrical power, having 83.5% gross exergy efficiency, and total turbine exergy losses of 1107 kW; 2) For a specific ammonia mass fraction value in consideration, the highest exergy efficiency will be obtained at the lowest possible turbine exhaust pressure; 3) The lower the ammonia mass fraction in the working fluid, the higher the power output that can be obtained in the turbine generator; 4) The most optimum thermodynamic cycle tends to be obtained at low ammonia mass fraction and low turbine exhaust pressure. However, one can not lower these two parameters as low as imaginably possible, because the selection of these two parameters in dependent on site specific conditions, such as climate, available cooling water temperature, and cooling water temperature rise permitted by the environmental regulations; 5) The biggest irreversibilities causing the biggest exergy loss occurred in the Turbine. This phenomenon makes optimization in the turbine more critical than in other apparatuses. For planning a new KCS-11 power station, it is necessary to select the most efficient turbine in order to maximize the overall exergy efficiency of the system.
